Abstract. A systems trial was established in Oct. 2006 to evaluate management practices for organic production of northern highbush blueberry (Vaccinium corymbosum L.). The practices included: flat and raised planting beds; feather meal and fish emulsion fertilizer each applied at rates of 29 and 57 kg · ha L1 nitrogen (N); sawdust mulch, compost topped with sawdust mulch (compost + sawdust), or weed mat; and two cultivars, Duke and Liberty. Each treatment was irrigated by drip and weeds were controlled as needed. The planting was certified organic in 2008. Bed type affected most leaf nutrients measured in one or both cultivars during the first year after planting,
Abstract. A systems trial was established in Oct. 2006 to evaluate management practices for organic production of northern highbush blueberry (Vaccinium corymbosum L.). The practices included: flat and raised planting beds; feather meal and fish emulsion fertilizer each applied at rates of 29 and 57 kg · ha L1 nitrogen (N); sawdust mulch, compost topped with sawdust mulch (compost + sawdust), or weed mat; and two cultivars, Duke and Liberty. Each treatment was irrigated by drip and weeds were controlled as needed. The planting was certified organic in 2008. Bed type affected most leaf nutrients measured in one or both cultivars during the first year after planting, including N, phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), boron (B), manganese (Mn), and zinc (Zn), but had less of an effect on leaf nutrients and no effect on soil pH, organic matter, or soil nutrients measured the next year. Feather meal contained 12 times more Ca and seven times more B than fish emulsion and resulted in higher levels of soil Ca and soil and leaf B in both cultivars, whereas fish emulsion contained three times more P, 100 times more K, and 60 times more copper (Cu) and resulted in higher levels of soil P, K, and Cu as well as a higher level of leaf P and K. Fish emulsion also reduced soil pH. Compost + sawdust mulch increased soil pH and organic matter and resulted in higher levels of soil nitrate-N (NO 3 -N), P, K, Ca, B, Cu, and Zn than sawdust alone and increased leaf K and B. Weed mat, in contrast, resulted in the lowest soil pH and increased soil ammonium-N (NH 4 -N). Weed mat also reduced soil Ca and Mg, but its effects on leaf nutrients were variable. Leaf Ca, Mg, and B were below levels recommended for blueberry the first year after planting when plants were fertilized with fish emulsion, whereas leaf N was low or deficient on average in the second year when plants were fertilized with feather meal. Leaf B was also low the second year in all treatments, and leaf Cu was marginally low. Leaf K, conversely, increased from the previous year and was becoming marginally high with fish emulsion. Fish emulsion, weed mat, and compost were generally the most favorable practices in terms of plant and soil nutrition. However, given the impact of each on soil pH and/or plant and soil K, further investigation is needed to determine whether these practices are sustainable over the long term for both conventional and organic production of highbush blueberry.
Certified organic blueberry (Vaccinium sp.) production has increased rapidly in the United States from an estimated 194 ha in 2003 to 1665 ha (40% of the total worldwide) in 2011 (Strik, unpublished data) . The main challenges to such rapid expansion include greater production costs or input, limited options for disease or pest control, and reduced yields in organic plantings (Julian et al., 2011a) .
Organic crops usually command higher prices than those produced conventionally, but higher prices may not always outweigh added costs associated with more expensive agricultural inputs.
Most new blueberry fields, including those used for organic production, are planted on raised beds (Strik, 2007) . Raised beds improve soil drainage and help protect susceptible cultivars from developing problems with phytophthora root rot (Bryla et al., 2008; Scherm and Krewer, 2008) . Two cultivars of northern highbush blueberry, 'Duke' and 'Liberty', had more growth and fruit production on raised beds than on flat ground in an organic field in Oregon (Larco et al., 2013) . Both of these cultivars are popular choices commercially and are commonly used for organic production in the northwestern United States (Julian et al., 2011a) .
Like many crops, fertilizer practices in blueberry are routinely adjusted based on leaf tissue analysis. Nitrogen is the predominant nutrient applied to blueberry, and the best growth and yield is usually achieved with 25 to 100 kg · ha -1 N in conventional systems Chandler and Mason, 1942; Eck, 1988; Griggs and Rollins, 1947; Hanson, 2006; Hart et al., 2006) . The most common N fertilizers applied to blueberry are ammonium sulfate and urea in conventional systems and Organic Materials Review Institute-approved fish emulsion or feather meal in organic systems. Most species of blueberry are adapted to low soil pH conditions in the range of 4.5 to 5.5 and require NH 4 -N over NO 3 -N for uptake. Nitrogen uptake increases throughout the growing season in young plants but primarily occurs during shoot and early fruit development in the spring in mature plants Retamales and Hanson, 1989; Throop and Hanson, 1997) . The current recommendation is to apply N in split applications in the spring when using granular fertilizers (April to June in the northern hemisphere; Hart et al., 2006) or to inject it gradually through the irrigation system (''fertigation'') from spring to midsummer when using drip and liquid fertilizers (Bryla and Machado, 2011) . Many organic blueberry farmers commonly apply liquid fish emulsion to the soil directly, however, especially in young plantings. Granular feather meal products are also applied directly to the in-row area. Many nutrients other than N are present in organic fertilizers and are thus applied to the planting whether required or not. The impact of using organic fertilizers on plant and soil nutrient levels is largely unknown in most crops, including blueberry.
Compost is also used by many organic blueberry growers to increase soil organic matter content and provide additional nutrients. Depending on the feedstock, compost supplies 3% to 10% of the total N during decomposition for several years after application (Gale et al., 2006; Sikora and Szmidt, 2001) . Burkhard et al. (2009) found greater growth and yield in blueberry when using seafood-or manure-based composts. Larco et al. (2013) also reported better growth and yield in blueberry when using yard-debris compost covered with sawdust mulch than when using sawdust mulch alone.
Sawdust mulch is often used for weed control as well as other benefits in blueberry such as reducing soil water loss and increasing soil organic matter content (Burkhard et al., 2009; Clark and Moore, 1991; Karp et al., 2006; Kozinski, 2006; Krewer et al., 2009; Savage, 1942; Sciarappa et al., 2008; White, 2006) . Sawdust is becoming expensive in many growing regions (Julian et al., 2011a (Julian et al., , 2011b . It also has a very high carbon (C)-to-N ratio, and therefore, as it decomposes, it tends to immobilize N applied from fertilizers (White, 2006) . Hart et al. (2006) recommend applying an additional 25 kg · ha -1 N for an 8-cm deep layer of fresh sawdust applied. Although the extra fertilizer is a relatively minor expense in conventional systems, it is costly and often more difficult to apply when using organic products.
Many organic growers are using weed mat as an alternative to sawdust. Weed mat is a woven, polyethylene landscape fabric or groundcover, which is usually black in color and permeable to water. Weed mat reduces weed management costs and results in a higher early yield than sawdust in blueberry (Julian et al., 2012; Krewer et al., 2009; Larco et al., 2013; Sciarappa et al., 2008) . The material also likely affects availability and uptake of nutrients differently than sawdust and other organic mulches as a result of its numerous impacts on soil properties. For example, soil temperature is typically higher during the day with (black) weed mat, water infiltration is often lower, and blueberry root growth is reduced (Cox, 2009; Larco, 2010; Larco et al., 2013; Neilsen et al., 2003) . Most new fields are irrigated by drip when using weed mat.
The objectives of the present study were to evaluate the effects of bed type, organic fertilizers, and different mulches on availability of soil nutrients and plant nutrient status in a new organic planting of highbush blueberry. The study included 'Duke' and 'Liberty' blueberry and was conducted during the first 2 years after establishment.
Materials and Methods
Study site. A 0.43-ha research trial was established 9 Oct. 2006 on a site in transition to organic production at the North Willamette Research and Extension Center (NWREC; lat. 45°16#47.55$ N, long. 122°45#21.90$ W) in Aurora, OR. Soil at the site is a Willamette silt loam (fine-silty mixed superactive mesic Pachic Ultic Argixeroll). The planting was certified as organic in May 2008 by Oregon Tilth (OTCO, Salem, OR). Detailed information on site preparation and planting is provided in Larco et al. (2013) .
Experimental design. Treatments were arranged in a split-split plot design and included two bed types (one row as a raised bed and one row on flatground, referred to as a flat bed) as main plots, two types and rates of fertilizer [feather meal (Nature Safe, Cold Spring, KY) Hart et al., 2006) . Feather meal was applied 1 month earlier the next year to give the product more time to wash in with the rain.
Plant management. Two-year-old containergrown (4 L) plants were transplanted on 9 Oct. 2006. Plants were pruned immediately after planting to remove flower buds and shape the bushes. Most flower buds were also removed during pruning in January the next year to encourage shoot growth and limit crop production to 0.5 kg/plant in Year 2. Plants were irrigated from May to September, as needed, using a single lateral of drip tubing located on top of sawdust mulch or two laterals (for extra water) under the weed mat (see Larco, 2010 , for details). The drip lines had 1.9-L · h -1 in-line emitters Thompson et al. (2001) . y Measured 16 Aug. 2012 (pre-plant) . x Respiration was measured on samples pretreated with complete nutrient solution and incubated 72 h at 37°C. C = carbon; N = nitrogen; P = phosphorus; K = potassium; Ca = calcium; Mg = magnesium; B = boron; Cu = copper; Mn = manganese; Zn = zinc; EC = electrical conductivity. spaced every 0.3 m. Weeds were managed in all treatment plots, as needed, using organically approved methods and products (Julian et al., 2012; Larco et al., 2013) .
Plant and soil nutrient analysis. Leaf samples were collected from three replicates per treatment in early August each year per recommended standards (Hart et al., 2006) . Fifty leaves per plot were collected in the morning by removing fully expanded leaves at nodes 4, 5, and 6; sampling was done on all sides of the plants and vigorously growing whips were avoided. Leaf N was determined using a combustion analyzer with an induction furnace and a thermal conductivity detector (Gavlak et al., 1994) . Other nutrients, including P, K, Ca, Mg, B, Cu, Mn, and Zn, were determined using an inductively coupled plasma (ICP) spectrophotometer after wet ashing the samples in nitric/ perchloric acid (Gavlak et al., 1994 Soil samples were collected on 5 Nov. 2008 in all 'Duke' treatments ('Liberty' was not sampled to reduce cost). Samples were collected to a depth of 0.2 m (after removing surface mulch) at 30 cm in row from the base of a plant in each plot. The soil was airdried and screened through 2-mm mesh before sending the samples to Brookside Laboratories for analysis. Soil pH was determined using a standard 1:1 soil:water method (McLean, 1982) , and soil organic matter content was measured based on Loss-OnIgnition at 360°C (Nelson and Sommers, 1996) . Soil NH 4 -and NO 3 -N were determined using an automated colorimetric method after extraction with 1 M KCl (Dahnke, 1990) . Soil P (Bray II extraction), K, Ca, Mg, sodium, B, Cu, Mn, and Zn were determined by ICP after extraction using the Mehlich 3 method (Mehlich, 1984) .
Statistical analysis. Analysis of all treatment effects was done as a complete factorial for a split-split plot design using the PROC MIXED procedure in SAS software Version 8 (SAS Institute, Cary, NC). Data were logtransformed as needed to improve homogeneity of variance. Orthogonal contrasts were used to compare source (fish vs. feather) and rate (low vs. high) of fertilizer and type of mulch [''organic'' (sawdust and compost + sawdust) vs. weed mat; and sawdust vs. compost + sawdust]. Means were separated at the 0.05 level using Tukey's honestly significant difference test.
Results
Pre-plant soil conditions. Soil at the site had a pH of 4.9 before planting and contained (Table 1 and ''Materials and Methods''). Values for feather meal and fish emulsion (Fish-Agra) were obtained from the product label. Feather meal was a granular product applied around the plants. Table 3 . Effects of bed type, organic fertilizer, and mulch on soil pH, organic matter (OM), and nutrient content in plots with 'Duke' blueberry. Nov. 2008 after the second year after planting. y Means followed by the same letter, within treatments, are not significantly different (P > 0.05, using Tukey's honestly significant difference test). x Treatments that are significantly different (P < 0.05) are bolded for ease of reference. P = phosphorus; K = potassium; Ca = calcium; Mg = magnesium; B = boron; Cu = copper; Mn = manganese; Zn = zinc.
3.7% organic matter (Table 1 ). Soil analysis indicated that the only nutrient aside from N considered low was B (less than 0.5 mg · kg -1 ; Horneck et al., 2011) . All other soil nutrients were within or above the range recommended for blueberry.
Characteristics of the organic mulch and fertilizers applied at planting. The sawdust used in the study had a low pH, a high C:N ratio, and a limited amount of many nutrients, including available N ( Table 1 ). The compost, on the other hand, had a high pH, a low C:N ratio, and a high amount of many nutrients but was also low in available N (10 g · kg -1
). Approximately half of the compost dry matter was dry ash (52%). The compost was highly stable (i.e., low microbial respiration) and low in salinity (EC less than 1.0 dS · m -1 ), and although it had a similar percentage of fine particles as sawdust (less than 2 mm), it had three times the bulk density. Based on the amount applied at planting, the compost mulch contained 0.6 t · ha -1 N, 0.1 t · ha -1 P, 0.3 t · ha -1 K and Mg, 1.0 t · ha -1 Ca, and a total of 45 kg · ha -1 of micronutrients, including B, Cu, Mn, and Zn ( Table 2) . The sawdust mulch, in comparison, contained less than 0.2 t · ha -1 of total macronutrients and only 3.6 kg · ha -1 of micronutrients (Mn and Zn only).
The organic fertilizers used in the study also differed in total nutrients (Table 2) . Although both were applied at the same low and high rates of N (29 and 57 kg · ha -1 ), feather meal contained more Ca, B, and Mn, whereas fish emulsion contained more P, K, and Cu. Fish emulsion also contained 10 times more soluble salts than feather meal (see EC values in ''Materials and Methods'') but was diluted, as already mentioned, to 10% with water before application.
Differences in soil conditions associated with the use of the fertilizers and mulches. Soil conditions were very similar between the two bed types, after the second year after planting, but differed with type and rate of fertilizer applied and with the kind of mulch used (Table 3) . Many of the soil measurements, including pH, NH 4 -N, NO 3 -N, K, Ca, and Mn, were significantly affected by fertilizer. All soil variables measured were significantly affected by mulch.
Soil pH was lower with fish emulsion than with feather meal, especially when a high rate of fish emulsion was applied, and was higher with organic mulch than with weed mat, especially when compost was applied (Table  3) . Soil mulched with compost also had 11 g · kg -1 more organic matter than soil with sawdust or weed mat and contained 10 g · kg -1 more organic matter than the soil measured before planting (Tables 1 and 3) .
Among the soil nutrients, NH 4 -N, NO 3 -N, and Mn were higher when plants were fertilized with a high rate of fish emulsion than with a low rate of fish emulsion or either rate of feather meal (Table 3) . Soil K was also higher with fish emulsion than with feather meal but, in this case, was unaffected by the rate at which either fertilizer was applied. Soil Ca, on the other hand, was higher with feather meal than with fish emulsion, but only when the low rate of feather meal was applied.
Most of the soil nutrients, including P, K, Ca, Mg, B, Cu, and Zn, were higher under compost than with either or both of the other mulches, whereas soil NH 4 -and NO 3 -N were higher under weed mat (Table 3) . However, significant interactions with fertilizer indicated that: 1) soil NH 4 -N was only higher with weed mat when a high rate of fish emulsion was applied (Fig. 1A) ; 2) soil P was similar between compost + sawdust and sawdust alone when the high rate of feather meal was applied and similar between compost and weed mat when feather meal was applied (Fig. 1B); and 3) at the high rate of N, soil K was higher under sawdust than weed mat when feather meal was applied but the opposite was found for fish emulsion (Fig.  1C) . The only soil nutrient that was lower with compost + sawdust than with either sawdust or weed mat was Mn (Table 3 ). The effect of mulch on soil Mn differed between bed types. Soil Mn was higher with sawdust (27 mg · kg ) in flat beds, but the opposite was found in raised beds (i.e., 23 mg · kg -1 with sawdust and 27 mg · kg -1 with weed mat). Effects of bed type, fertilizer, and mulch on leaf nutrients. By Aug. 2007 (Year 1), leaf N concentration was highest, on average, when plants were fertilized with a high rate of fish emulsion and lowest when they were fertilized with either a low rate of fish emulsion or a high rate of feather meal (Table  4) . However, as mentioned in the ''Materials and Methods,'' plants fertilized with feather meal (low and high rate) had poor growth and low leaf N levels in late June in Year 1 and therefore were fertilized with two small applications of diluted fish emulsion; a total of 8 kg · ha -1 of extra N was applied. Leaf N was affected by numerous treatment interactions, including a four-way interaction among bed type, fertilizer, mulch, and cultivar. Specifically, leaf N was higher with weed mat than with sawdust or compost + sawdust mulch but only in 'Duke' on flat beds fertilized with fish emulsion (Fig. 2A) , 'Liberty' on flat beds fertilized with a low rate of feather meal or either rate of fish emulsion (Fig. 2C) , or 'Liberty' on raised beds fertilized with a low rate of fish emulsion (Fig. 2D) . Also, leaf N was unaffected by mulch in 'Duke' on raised beds (Fig. 2B ) and was higher with sawdust than with weed mat in 'Liberty' on raised beds fertilized with a low rate of feather meal (Fig. 2D) .
Leaf P was also affected in Year 1 by a four-way interaction among the treatments (Table 4 ). The level was higher with weed mat than with sawdust or compost in 'Duke' on flat beds fertilized with a high rate of feather meal (Fig. 2E) or in 'Liberty' on flat beds fertilized with a low rate of feather meal or fish emulsion (Fig. 2G ) but was higher with sawdust in 'Liberty' on raised beds fertilized with either rate of feather meal (Fig. 2H) . Contrast analysis indicated that leaf P was also higher, on average, with feather meal than with fish emulsion (Table 4) .
Leaf cations also differed, in general, among fertilizer and mulch treatments in Year 1 and were affected by significant interactions between bed type and fertilizer (Ca only), bed type and mulch (K and Mg only), bed type and cultivar (Ca and Mg only), fertilizer and mulch, fertilizer and cultivar, and mulch and cultivar (Table 4) . Leaf K was basically higher with weed mat or compost than with sawdust when plants were grown on flat beds but not on raised beds. Plants grown with sawdust had a low leaf K, and those grown on weed mat and fertilized with the high rate of fish emulsion had particularly high leaf K (Fig. 2I) . Leaf Ca and Mg, on the other hand, were higher with feather meal than with fish emulsion, particularly in 'Duke' (Table 4 ) and when plants were mulched with sawdust ( Fig. 2J-K) . Leaf micronutrients were likewise affected by fertilizer and mulch in Year 1, but only leaf Mn and Zn were affected by interactions with bed type (Table 5) . Like Ca and Mg, leaf B was higher with feather meal than with fish emulsion but lower with weed mat when either rate of feather meal was applied (Fig. 3A) , whereas leaf Cu was only affected by fertilizer (and cultivar; 6.0 vs. 6.4 mg · kg -1 Cu for 'Duke' and 'Liberty', respectively) and differed by less than 1 mg · kg -1 among the treatments (Table 5) . Leaf Mn and Zn, on other hand, differed considerably among treatments and were affected by four-way interactions among the treatments. Both were higher with feather meal than with fish emulsion, but like N and P, the level of response varied depending on bed type, mulch, and cultivar ( Fig. 3B-I) .
Only leaf Ca, Mg, and B were below levels recommended for blueberry in Year 1 and only when plants were fertilized with fish emulsion (Hart et al., 2006) . Shoot tip dieback, a symptom of B deficiency, was observed in a few plots, but symptoms were minimal and were not associated with any treatment in particular.
By Aug. 2008 (Year 2), leaf N, P, and K were highest when plants were fertilized with a high rate of fish emulsion and lowest with the low rate of feather meal (Table 6 ). Leaf N was also higher with sawdust or compost + sawdust than with weed mat, and all three nutrients differed between cultivars (1.73 and 1.98 g · kg -1 N in 'Liberty' and 'Duke', respectively). Leaf Ca was significantly affected by a three-way interaction among fertilizer, mulch, and cultivar, and leaf Mg was affected by fertilizer and an interaction between mulch and cultivar (Table 6 ). Like in the previous year, leaf Ca was higher, on average, with feather meal than with fish emulsion but varied depending on the mulch and cultivar (Fig. 4) . For example, leaf Ca was higher with compost than with sawdust or weed mat in 'Duke' fertilized with a low rate of feather meal but higher with sawdust when plants were fertilized with a high rate of feather meal. Leaf Ca was also higher with sawdust or compost + sawdust than with weed mat in 'Duke' fertilized with either rate of fish emulsion or 'Liberty' fertilized with a high rate of feather meal. Leaf Mg continued to be higher, on average, with feather meal than with fish emulsion, but levels were now similar between the high rate of feather meal and the low rate of fish emulsion (Table  6 ). Leaf Mg was also higher with sawdust or compost than with weed mat, but only in 'Duke'.
Leaf B was lower, on average, in Year 2 than in the previous year but once again was higher with feather meal than with fish emulsion (Tables 5 and 7) . Leaf B continued to be higher with compost than with weed mat but in 2008 was similar between sawdust and weed mat. Leaf Cu no longer differed with fertilizer but varied with mulch. Leaf Cu was lower with weed mat than with sawdust or compost + sawdust in 'Duke' but was higher with weed mat and different between sawdust and compost + sawdust in 'Liberty' (Table 7) . Leaf Mn, on the other hand, was higher with fish emulsion than with feather meal in 2008 (opposite from the previous year)-particularly on flat beds and in 'Duke'-and was higher with weed mat than with other mulches on flat beds and higher with sawdust than with other mulches on raised beds (Table 7) . Finally, leaf Zn varied again with fertilizer and mulch, as well as with interactions of bed type and cultivar, but in general was higher in 'Duke' than in 'Liberty' and greater with sawdust or compost + sawdust than with weed mat in 'Duke' or higher with sawdust than with weed mat in 'Liberty' in 2008. Leaf N was low or deficient in some cases when feather meal was applied the second year, leaf B was low again in all treatments, and leaf Cu was marginal (Hart et al., 2006) .
Leaf K, on the other hand, was increasing and becoming marginally high with fish emulsion.
Discussion
Soil pH and organic matter. Soil pH was lowest with weed mat and highest when compost was applied. Similar results have been reported by others in blueberry and tree fruit (Burkhard et al., 2009; Choi et al., 2011; Neilsen et al., 2003) . Soil temperatures are often warmer under weed mat, which likely increases nitrification (Sabey et al., 1956) , an acidifying process. The yard debris compost, with a high pH and cation content (particularly K, Ca, and Mg; Table 1) relative to the soil and applied sawdust, was expected to increase soil pH. Fish emulsion also reduced soil pH, particularly when the higher rate of fish fertilizer was applied. Nitrogen fertilizer application is the primary management practice that causes soil acidification (Hart et al., 2013) .
Compost + sawdust mulch also increased soil organic matter from 3.7% to 4.7% within 2 years after planting. Sawdust and weed mat, in comparison, had little to no effect on soil organic matter during the same period. Although compost contained a lower percentage of organic matter than sawdust at application, the compost was more stable (less decomposition) and denser than the sawdust. Compost (dairy solids, manure, and straw) also increased soil organic matter content in a vegetable production system (Wedryk et al., 2012) .
Soil and leaf nitrogen. Soil N (NH 4 -and NO 3 -N) was higher under weed mat than under sawdust or compost + sawdust in the present study. Soil N was also more available under weed mat than under organic mulch in apple [Malus ·sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.] (Choi et al., 2011) . Weed mat reduced soil N relative to bare soil after 5 years in cherry (Yin et al., 2007) and relative to shredded paper mulch or biosolids after 7 years in apple . Higher availability of soil N under weed mat appeared to result in higher leaf N levels during the first year but not during the second. Perhaps higher growth and production with weed mat diluted N and other nutrients in the plants and resulted in lower leaf N levels in Year 2 (Larco et al., 2013) . Leaf N was higher with weed mat than bare soil in cherry (Yin et al., 2007) but was unaffected by weed mat after 6 years in apple (Choi et al., 2011) .
Mulching with compost + sawdust also increased soil N compared with sawdust alone but only by a total of 4 mg · kg -1 N, most of which was NO 3 -N. Based on an estimated mineralization rate of 3% of total N annually, yard debris compost added 18 kg · ha -1 N per year (Gale et al., 2006; Sikora and Szmidt, 2001) . The additional N from the compost did not increase plant growth (Larco et al., 2013) or leaf N levels, however, and therefore may have been unavailable when needed in blueberry . Others have found increased leaf N in blueberry with use of compost mulch (Burkhard et al., 2009) or variable effects of mulch depending on year (Krewer et al., 2009) .
Leaf N in all treatments ranged from 18.3 to 20.2 g · kg -1 in Year 1 and 15.9 to 22.7 g · kg -1 in Year 2. The levels declined, on average, the second year, probably as a result of plant age and fruit production Cummings, 1978) . Leaf N was also lower in 'Liberty' than in 'Duke'. Leaf N may have been diluted in 'Liberty' as a result of 1) production of more biomass by the cultivar (Larco et al., 2013) ; and 2) the later fruiting season as compared with 'Duke'. Table 5 . Effects of fertilizer and mulch on leaf micronutrients in 'Duke' and 'Liberty' blueberry grown on flat or raised beds during the first year after planting (Aug. 2007 0.3997 z Means followed by the same letter, within treatments, are not significantly different (P > 0.05, using Tukey's honestly significant difference test). y Treatments that are significantly different (P < 0.05) are bolded for ease of reference. B = boron; Cu = copper; Mn = manganese; Zn = zinc; N = nitrogen.
Leaves were collected for nutrient analysis at the recommended time of sampling for northern highbush blueberry, but this was after harvest in 'Duke' and during harvest in 'Liberty'.
Leaf N levels were highest in plants fertilized with 57 kg · ha -1 N as fish emulsion and mulched with weed mat. Nitrogen was apparently more available when needed from the liquid fish emulsion than from the granular feather meal as evidenced by poor growth with feather meal during the first growing season (Larco et al., 2013) . Higher leaf N was also found in plants fertilized with the higher rate of N as has been shown in young plants fertilized with inorganic forms of N Cummings et al., 1971) . Leaf N was not positively correlated with yield, however, because plants fertilized with the high rate of fish emulsion had a lower yield than those fertilized with the low rate (Larco et al., 2013) .
Soil and leaf phosphorus. Bed type had no effect on soil P, but leaf P was higher on raised beds than on flat beds in Year 1, except in plants with weed mat, where leaf P levels were high in both bed types. Phosphorus may have been more available in raised beds as a result of more root growth in the treatment (Larco et al., 2013) and higher under weed mat resulting from warmer soil temperatures (Cox, 2009; Larco, 2010) . Temporary symptoms of P deficiency are a common problem in the spring in blueberry when soil temperatures are cooler (Strik, personal observation) .
Compost also increased soil P, but in contrast to the study by Burkhard et al. (2009) , it had no effect on leaf P. Soil P was well above the recommended level in our study (Hart et al., 2006) . Leaf P increased with fertilizer rate by the second year after planting. This may have been a response to the P applied in the fertilizer products used, but leaf P levels have also been found to increase with higher application rates of N fertilizer .
Soil and leaf cations. Soil K and Ca were higher with compost + sawdust than with sawdust alone or with weed mat, whereas soil Ca and Mg (but not K) were higher with sawdust than with weed mat. This latter result for soil Ca and Mg is similar to what has been reported in orchard systems (Choi et al., 2011; Neilsen et al., 2003) , but K was also higher with sawdust in cherry (Choi et al., 2011) . Soil K and Mg were within recommended levels for blueberry, but soil Ca was below the recommended level with sawdust or weed mat (Hart et al., 2006) .
In the first year, plants grown with sawdust mulch had the lowest leaf K and the highest leaf Ca and Mg, particularly when fertilized with feather meal. In contrast, plants grown with weed mat had the highest leaf K and the lowest leaf Mg and Ca, depending on the type of fertilizer applied. By the second year, weed mat reduced leaf Mg and Ca relative to sawdust and compost + sawdust. Mulching with compost + sawdust increased leaf K in both cultivars and reduced leaf Ca and Mg in 'Duke' in Year 1. Yin et al. (2007) also reported a lower leaf Ca and Mg in cherry grown with weed mat compared with bare soil. By the second year of our study, leaf K was still higher in compost + sawdust than in sawdust alone, but there was no significant difference between these mulches for leaf Ca and Mg. Burkhard et al. (2009) also reported higher leaf K with compost mulch than in bare soil. In our study, the K applied in the compost was quickly available to the ) increased soil and leaf K levels and yield of 'Bluecrop' blueberry in Michigan (Eck, 1983) but had no impact on yield of 'Jersey' blueberry grown in the same region in soil with 0.03 to 0.08 g · kg -1 K (Hancock and Nelson, 1988) .
Fish emulsion contained more K than feather meal. Consequently, soil and leaf K were also higher with fish emulsion, whereas leaf Ca and Mg levels were lower. Leaf K was within the range recommended for blueberry (4 to 7 g · kg -1 ; Hart et al., 2006 ) the first season but exceeded standards the second year when a high rate of fish emulsion was applied. Because K was high in the fish emulsion, increasing the rate of N applied also increased amount of K applied. Some have also reported an increase in leaf K with N rate (Bishop et al., 1971; Cummings, 1978; Cummings et al., 1971; Townsend, 1973; Wilber and Williamson, 2008) , although others have found no effect . Fluctuations in leaf K are often associated with fruiting; however, the plants in the present study had no fruit the first year and only a small crop the second year (Larco et al., 2013) .
Leaf Ca was below recommended levels (4.1 to 8.0 g · kg -1 per year at the high rate) but had no effect on leaf Ca. In addition, the high Ca added in the compost + sawdust mulch had no effect on leaf Ca in the second year. Low soil Ca under weed mat led to low leaf Ca levels in 'Liberty', which was more vigorous than 'Duke' (Larco et al., 2013) . Leaf Ca did not increase from Year 1 to Year 2, as reported previously by others Cummings, 1978; Townsend, 1973) .
Leaf Mg was below recommended levels for blueberry (1.3 to 2.5 g · kg -1 ; Hart et al., 2006) in all treatments in Year 1 except 'Duke' fertilized with feather meal. Although compost contained a relatively high amount of Mg, the nutrient was apparently unavailable to the plants during the first 2 years after the compost was applied. Leaf Mg also declined with a higher rate of fertilizer, likely because soil K also increased. Leaf Mg was unaffected by N rate in other studies in conventional blueberry (Ballinger and Kushman, 1966; Bishop et al., 1971; Bryla et al., 2012; Cummings et al., 1971) . We found an increase in leaf Mg over time, as reported previously by others Cummings, 1978; Townsend, 1973) .
In general, leaf K, Ca, and Mg were higher in 'Duke' than in 'Liberty' during the first year after planting, particularly when plants were fertilized with fish emulsion (for leaf K) or feather meal (for leaf Ca and Mg). Leaf K and Mg were also higher in 'Duke' in Year 2, but leaf Ca was similar between the two cultivars.
Leaf and soil micronutrients. Leaf B was below recommended levels in plants fertilized with fish emulsion in the first year and in all treatments the next year. Boron in the feather meal fertilizer was apparently available quickly to the plants the first season but was inadequate for B needs in the plants the next year. Boron deficiency is common in areas with high rainfall, especially in alluvial soils, which are common in Oregon. Possible symptoms of B deficiency, shoot tip dieback, were observed in some plots but were minimal and could not be attributed to any specific treatment. Soil and leaf B were higher with compost + sawdust than with sawdust alone but were similar between sawdust and weed mat. The latter observation was similar in cherry (Choi et al., 2011) . Leaf B declined the second year likely because plants were fruiting and B levels are relatively high in fruit tissue.
Leaf Mn concentrations mirrored soil pH, as expected, decreasing with addition of compost + sawdust mulch and increasing with fish emulsion and the higher rate of N fertilizer Choi et al., 2011; Hart et al., 2006; Townsend, 1973 ). We Table 6 . Effects of fertilizer and mulch on leaf macronutrients in 'Duke' and 'Liberty' blueberry grown on flat or raised beds during the second year after planting (Aug. 2008 Means followed by the same letter, within treatments, are not significantly different (P > 0.05, using Tukey's honestly significant difference test). y Treatments that are significantly different (P < 0.05) are bolded for ease of reference. K = potassium; N = nitrogen; P = phosphorus; Ca = calcium; Mg = magnesium.
found an increase in leaf Mn over time, as reported previously by others Cummings, 1978; Townsend, 1973) .
There were no consistent effects of mulch treatment or fertilizer on leaf Cu and Zn after 2 years, although the plots mulched with compost + sawdust increased soil Cu and Zn relative to mulching with sawdust alone. In cherry, mulch had no impact on leaf Fe, Cu, or B after 6 years (Choi et al., 2011) .
In general, leaf B and Mn levels were higher in 'Duke' than in 'Liberty' the first year, whereas leaf Cu was lower. The opposite was true the next year, however, and leaf Zn was lower in 'Duke'.
Conclusions
Application of organic fertilizer affected macro-and micronutrients in soil and the leaves during the first 2 years after planting in blueberry, but results varied depending on fertilizer source and associated nutrient content. For example, 12 times more Ca and seven times more B were applied with feather meal than with fish emulsion, which increased soil Ca and B; however, feather meal only increased leaf B and had no effect on leaf Ca, suggesting that the extra Ca in the fertilizer was unavailable to the plants. Potassium, on the other hand, was 100-fold higher in fish emulsion and resulted in higher levels of soil and leaf K than feather meal but decreased leaf Ca and Mg. Phosphorus and Cu were also higher in fish emulsion and resulted in increased soil P and Cu and leaf P.
Application of fish emulsion at a high rate also led to a reduction in soil pH. Fish emulsion appeared to be an acceptable fertilizer source for blueberry during establishment and may be useful for increasing acidity in high pH soils. However, high rates of application were found to reduce growth and yield in 'Duke' (Larco et al., 2013) . Feather meal is also well suited to blueberry, particularly when soil B is limited (like it was at our site), but the fertilizer must be applied early. If feather meal is used, we recommend the first application be done in late winter when rainfall is adequate to dissolve the fertilizer and ensure that N is available to the plant in the spring when needed.
Yard debris compost covered with a layer of sawdust mulch (to reduce weeds) increased soil pH, organic matter, NO 3 -N, P, K, Ca, B, Cu, and Zn relative to sawdust alone but had no effect on leaf N, P, or Ca concentrations. Because plants mulched with compost + sawdust produced a higher yield than sawdust alone (Larco et al., 2013) , factors other than N or N availability were related to the higher yield. The high soil P found in this study likely masked any additional P applied with the compost. Higher Mg applied with the compost was also not reflected in higher soil Mg levels. In contrast, K and B in the compost were quickly available to the blueberry plants. Like fish emulsion, higher K in the compost was associated with lower leaf Ca and Mg; this could have a negative impact on plant growth or fruit production if tissue Ca and Mg drop to below sufficiency levels. Thus, the long-term effect of using yard debris compost as a source of organic matter and nutrients in blueberry production systems, particularly the impact on soil and plant K, needs further evaluation. The high pH compost, on the other hand, may help mitigate increases in soil acidity that often occurs when organic or NH 4 sources of N fertilizer, including fish emulsion and feather meal, are applied.
Soil pH was lowest under weed mat than under sawdust or compost + sawdust. Weed mat also reduced soil Ca and Mg, but its impact on leaf nutrient concentrations was more variable. The long-term impacts of weed mat on soil pH, organic matter, and K need further investigation, particularly because reduced microbial activity and fluxes of N and P through the microfauna have been observed under weed mat compared with organic mulches .
Finally, bed type had no effect on soil conditions, but in many cases, it significantly affected leaf nutrients in one or both cultivars, particular during the first year after planting. Plant growth and early production were also affected by bed type, and both were generally higher on raised beds (Larco et al., 2013) , perhaps as a result of greater root growth or activity. Raised beds are recommended for both conventional and organic production of highbush blueberry.
